
ELSEVIER 



Available online at www.sciencedirect.com 



V* ScienceDirect 



Nuclear Physics A 00 (2012) l-[5] 



NUCLEAR 
PHYSICS 



www.elsevier.com/locate/nuclphysa 



The di-lepton physics program at STAR 

Lijuan Ruan for the STAR Collaboration 

Physics Department, Brookhaven National laboratory, Upton NY 11973 



Abstract 

The recent results on di-electron production in p + p and Au+Au collisions at ~\/s NN = 200 GeV are presented. The 
cocktail simulations of di-electrons from light and heavy flavor hadron decays are reported and compared with data. 
The perspectives for di-lepton measurements in lower energy Au+Au collisions and with future detector upgrades are 
discussed. 
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1. Introduction 

Ultra-relativistic heavy ion collisions provide a unique environment to study the properties of strongly interacting 
matter at high temperature and high energy density [ 1 1. One of the crucial probes of this strongly interacting matter are 
di-lepton measurements in the low and intermediate mass region. Di-leptons are not affected by the strong interaction 
once produced, therefore they can probe the whole evolution of the collision. 

In the low invariant mass range of produced lepton pairs (M« < 1 . 1 GeV/c 2 ), we can study vector meson in-medium 
properties through their di-lepton decays, where modifications of mass and width of the spectral functions observed 
may relate to the possibility of chiral symmetry restoration |2]]3). At the SPS, the low mass di-lepton enhancement in 
the CERES e + e~ data [4| and in the NA60 p + pT data [5 1 requires substantial medium effects on the p-meson spectral 
function. The precise NA60 measurement of the low mass enhancement provides a decisive discrimination between 
a dropping-mass scenario [6| and a massively broadened spectral function [7|. The latter one was found to be able to 
consistently describe the data. 

The di-lepton spectra in the intermediate mass range (1.1 < M\\ < 3.0 GeV/c 2 ) are directly related to thermal 
radiation of the Quark-Gluon Plasma (QGP) (2][3|. However, contributions from other sources have to be measured 
experimentally. Such contributions include background pairs from correlated open heavy flavor decays, which pro- 
duce a pair of electrons or muons from the semileptonic decay of a pair of open charm or bottom hadrons (cc — > l + l~X 

orw?^rrx). 

Anisotropic flow, an anisotropy in the particle production relative to the reaction plane, leads to correlations among 
particles |S). The elliptic flow V2 is the second harmonic of the azimuthal distribution of particles with respect to the 
reaction plane. V2 has been measured for direct photons and found to be substantial in the transverse momentum range 
1 < p T < 4 GeV/c in central 0-20% Au+Au collisions at - 200 GeV Jg). In the same p T region, PHENIX 

measured direct photon yields and found an excess of direct photon yield in 0-20% Au+Au over p + p, exponential 
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in pt ifTUll . Model calculations ifTTI for QGP thermal photons in this kinematic region significantly under-predict 
the observed V2 while if a significant contribution from the hadronic sources at later stages is added, the excess of 
the spectra and the observed V2 at 1 < pj < 4 GeV/c are described reasonably well fl2l . It has been proposed that 
di-lepton Vi measurements will provide another independent way to study medium properties since di-leptons provide 
two independent kinematic parameters: mass and pj. Specifically, \>2 as a function of pj in different mass regions 
will enable us to probe the properties of medium from a hadron-gas dominated to a QGP dominated scenario IfTJl . 

At STAR, the newly installed Time-of-Flight detector (TOF) offers large acceptance and high efficiency 1 14]. The 
TOF, combined with measurements of ionization energy loss (dE/dx) from the Time Projection Chamber (TPC) |[T5l 
[T()irr711 . enables electron identification with high purity for 0.2 <p T < 3 GeV/c Ifl8l [T9l [20 1 . In this article we present 
the di-electron mass spectra in p + p and Au+Au collisions at -^s m = 200 GeV. The elliptic flow measurements are 
also reported in 200 GeV Au+Au collisions. Future capabilities for di-lepton measurements at STAR in lower energy 
Au+Au collisions and with detector upgrades are discussed. 

2. Recent results on di-electron production 

We utilize 107 million, 270 million and 150 million events for p + p, minimum-bias (0-80%) Au+Au, and central 
(0-10%) Au+Au di-electron analyses, respectively. The p + p events were taken in 2009 when 72% of the full TOF 
system was installed and operational, while the Au+Au events were taken in 2010 with full TOF system coverage. By 
applying velocity and dE/dx cuts on tracks with pj > 0.2 GeV/c, we can achieve the purity for the electron candidates 
of about 99% in p + p collisions and 97% in minimum-bias Au+Au collisions. 

The di-electron signals may come from light and heavy flavor hadron decays. They include 7r°, rj, and rj' Dalitz 
decays: n° — > ye + e~, rj — > ye + e~, and r( — > ye + e~\ vector meson decays: a> — > n e + e~, to — > e + e~, p° — > <? + e~, 
<p — > rje + e~, </> — > e + <?~, and J/tfr — > e + e~; heavy-flavor hadron semi-leptonic decays: cc — > e + e~X and bb — > e + e~X\ 
and Drell-Yan contributions. In Au+Au collisions, we look for additional vector meson in-medium modifications in 
the low mass region and possible QGP thermal radiations in the intermediate mass range. 

The e + and e~ pairs from the same events are combined to reconstruct the invariant mass distributions (M ee ) marked 
as unlike-sign distributions. The unlike-sign distributions contain both signal and background. The background 
contains random combinatorial pairs and correlated pairs. The electron candidates are required to be in the range 
of \rj\ < 1 and pj > 0.2 GeV/c while e + e~ pairs are required to be in the rapidity range of \y ee \ < 1. Two methods 
are used for background estimation, based on same-event like-sign and mixed-event unlike-sign techniques. In the 
like-sign technique, electron pairs with the same charge sign are combined from the same events. In the mixed-event 
technique, unlike-sign pairs are formed from different events. In p + p collisions, we subtract the like-sign background 
at M ee < 0.4 GeV/c 2 and mixed-event background in the higher-mass region. In Au+Au collisions, we subtract the 
like-sign background at M ee < 0.7 GeV/c 2 and mixed-event background in the higher-mass region. The detailed 
analysis procedures including background subtraction and systematic uncertainty evaluations are published for p+p 
results in ED and presented for Au+Au results in Il22l[23l . 

After the efficiency correction, the di-electron mass spectra within the STAR acceptance are shown in Fig. [T] for 
p + p, minimum-bias Au+Au and central Au+Au collisions at -\Js NN = 200 GeV. The di-electron mass spectra are 
not corrected for momentum resolution and radiation energy loss effect. The ratios of data to cocktail simulations are 
shown in the lower panels. In p + p collisions, the cocktail simulation, which includes the expected components from 
light and heavy flavor meson decays, is consistent with the measured di-electron continuum within uncertainties [21 1. 
The x 2 INDF between data and cocktail simulation are 2 1/26 for M ee > 0. 1 Ge V/c 2 and 8/7 for 1 . 1 < M ee < 3.0 GeV/c 2 . 
In the mass region 0.2 < M ee < 0.8 GeV/c 2 , the cocktail simulation is systematically higher than the measured di- 
electron continuum. However, they are also consistent within uncertainties. We find that better agreement between 
the cocktail simulation and data can be achieved by applying an additional scale factor (56%) to the r\ Dalitz decay 
contribution. Further details on the decay and cocktail simulations are published in ETTl . We also find that the 
cc — > e + e~X contribution is dominant in the intermediate mass region in p+p collisions. In Au+Au collisions, the p° 
contribution is not included and the cc — > e + e~X contribution is from PYTHIA simulation [24] with the total charm 
cross section 0.96 mb, scaled by the number of underlying binary nucleon-nucleon collisions. In the low mass region 
0.15 < M ee < 0.75 GeV/c 2 , the possible enhancement factors, the ratios of the data to the cocktail simulations, are 
1.53 + 0.07 + 0.41 and 1.72 ± 0.10 + 0.50 in minimum-bias and central collisions, respectively. This suggests for 
possible vector meson in-medium modification in this low mass region. The models ||25l |26l l27l . which describe 
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Figure 1: (Color online) The comparison for di-electron continuum between data and simulation after efficiency correction within the STAR 
acceptance in p + p (upper-left panel), minimum-bias (upper-right panel) Au+Au and central (bottom panel) Au+Au collisions at ijs NN = 
200 GeV. The di-electron continuum from simulations with different source contributions are also shown. The Drell-Yan contribution in p+p 
collisions is not shown but included in the total cocktail contribution. The bars and boxes (bands) represent statistical and systematic uncertainties, 
respectively. The bands on the bottom panels illustrate the systematic uncertainties on the cocktail simulation. 
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the SPS di-lepton data but fail to consistently describe the PHENIX low-pr and low-mass enhancement [28 1, can 
describe our data reasonably well. The comparison between data and models can be found in 1 23 26 21]. Differential 
measurements as a function of pj and centrality are on-going. 

In the low mass region, we obtain the invariant yields of co and <p through di-electronic decays at mid-rapidity 
fly] < 1) in p + p and Au+Au collisions at -\Js NN = 200 GeV, shown in Fig. [2] In p + p collisions, our co yields 
from di-electron decays lt2D are consistent with previous results ||29l and a prediction from a Tsallis fit, which fits 
spectra of other particles and high pj (pj > 2 GeV/c) co yields ll30ll3TI . In Au+Au collisions, we fit light hadrons 
simultaneously using Tsallis function 113011 . obtain the freeze-out parameters, predict the shape of the co invariant yield 
versus p T , and find it describes our measurement co — > e + e~ ||32l reasonably well. This indicates that the co — > <? + e~ 
flow pattern is similar to that of light hadrons in Au+Au collisions. Shown in Fig. [2](right panel) is the comparison of 
the invariant yields of cb through its e + <?~ [33] and K + K~ l34ll decays. Within statistical and systematic uncertainties, 
the <p invariant yields measured through e + e~ and K + K~ decays are consistent. 
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Figure 2: (Color online) (left panel) The u> invariant yield measured through di-electronic decay as a function of pj at mid-rapidity (|y| < 1) 
in p + p and minimum-bias Au+Au collisions at yjs NN = 200 GeV. The open circles represent PHENIX published results [29 1 . The dashed 
line represents the yields of at from Tsallis function (TBW) fit to other particles and high pj u> yields in p + p collisions at = 200 GeV. The 
dot-dashed line represents the yields of ai from Tsallis fit to other particles in Au+Au collisions at ^js NN = 200 GeV. The bars and boxes represent 
statistical and systematic uncertainties, respectively, (right panel) The <f> invariant yield measured through di-electronic and K + K~ decays as a 
function of pr at mid-rapidity (|y| < 1) in minimum-bias Au+Au collisions at y/s Ntl = 200 GeV. The curve represents an exponential fit to the 
<p — > K + K~ data points. The bars represent statistical errors. The boxes represent the quadrature sum of statistical and systematic uncertainties. 



The di-lepton V2 measurements provide another independent way to study the medium properties. We use event- 
plane method to obtain the di-electron v^. The event-plane is reconstructed using the tracks from the TPC. The details 
of the method are in Refs. Il8l l35ll . We report the of di-electron signals in Fig. [3] (upper-left panel) as a function of 
M ee in minimum-bias Au+Au collisions at -Js m = 200 GeV. The differential V2 of di-electron pairs in the mass regions 
of M ee < 0.14 GeV/c 2 and 0.14 < M ee < 0.30 GeV/c 2 are shown respectively in the upper-right and bottom panels of 
Fig. [3] as a function of pj in minimum-bias Au+Au collisions at ys WjV = 200 GeV. Also shown are the charged 11361 
and neutral pion ll37l V2. The dominant sources to di-electrons at M ee <0.14 GeV/c 2 and 0.14< M ee <0.30 GeV/c 2 are 
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7t° Dalitz decay and rj Dalitz decay, respectively. We parameterize the pion V2 from low to high pj l36l l3*7'l. perform 
the Dalitz decay simulation, and obtain the expected di-electron V2 from n° Dalitz decay shown by the solid curve. 
The simulated V2 is consistent with the measured di-electron V2 at M ee <0.14 GeV/c 2 . The consistency between the 
expectations and measurements demonstrates the credibility of our method to obtain the di-electron We repeat the 
same exercise in the r\ mass region. We assume that r\ has the same V2 as K Q S ll35ll since the 77 mass is close to that 
of . The simulated v'2 of di-electrons from 77 Dalitz decay, shown as a solid curve, is consistent with the measured 
di-electron v'2 at 0.14 < M ee < 0.30 GeV/c 2 . The current precision of our V2 data does not allow to further study a 
possible deviation from the solid curve due to the other contributions in this mass region. 

Figurepfl(left panel) shows the di-electron v'2 as a function of p T in minimum-bias Au+Au collisions at y/s NN = 200 
GeV for 075 < M ee < 0.7 GeV/c 2 in which charm correlation and in-medium p contribution might be dominant. 
Right panel of Fig. [4] shows the di-electron V2 as a function of pj in the mass ranges of 0.76 < M ee < 0.8 GeV/c 2 
and 0.98 < M ee < 1.06 GeV/c 2 in minimum-bias Au+Au collisions at -\Js NN = 200 GeV. The di-electrons V2 for 
0.98 < M ee < 1.06 GeV/c 2 is consistent with the measured V2 of <p meson through the K + K decay [38 1. 

3. Future perspectives 

A factor of two more Au+Au data at ^s NN = 200 GeV, taken in 201 1, will significantly improve the measurements 
of mass spectra and elliptic flow. The possible low mass enhancement factors for 0.15 < M ee < 0.75 GeV/c 2 are 
significantly lower than those measured by PHENIX in minimum-bias and central collisions [23 1. The pj dependence 
measurements in the future will allow more differential comparisons between STAR and PHENIX. In addition, di- 
electron V2 as a function of pj in the intermediate mass region 1.1 < M ee <2.9 GeV/c 2 will be obtained. 

In 2010 and 2011, STAR has taken a few hundred million minimum-bias events in Au+Au collisions at yls m = 
19.6, 27, 39, and 62.4 GeV with full TOF azimuthal coverage and low conversion material budget, which will enable 
us to systematically study the energy dependence of the following physics topics: 1) di-electron enhancement in the 
low mass region [39] 00); 2) in-medium modifications of vector meson decays; 3) virtual photons [ 10|; 4) cc medium 
modifications; and 5) possible QGP thermal radiation in the intermediate mass region. Specifically, the energy value 
of 19.6 GeV is comparable to the center of mass energy for the CERES and NA60 measurements. The di-electron 
results in Au+Au collisions at Js m = 19.6 GeV will enable another consistency check between STAR measurements 
and previous SPS results. 

With the current data sets, it will be difficult to measure charm correlation contribution or QGP thermal radiation 
in the intermediate mass region since they are coupled to each other and one is the other's background for the physics 
case. So far at RHIC, there is no clear answer about thermal radiation in the intermediate mass region. The future 
detector upgrade with the Heavy Flavor Tracker at STAR, to be completed in 2014, will provide precise charm cross 
section measurements PH . This will help to understand heavy quark dynamics in the medium and constrain model 
inputs to calculate di-leptons from heavy flavor correlations. However the measurements of cc correlations will still 
be challenging if not impossible. An independent approach is proposed with the Muon Telescope Detector upgrade 
(MTD) B2l . The p - e correlations measure the contribution from heavy flavor correlations to the di-electron or 
di-muon continuum. This will make it possible to access the thermal radiation in the intermediate mass region. 

The MTD construction, to be completed in 2014, has started. In 2012, 10% of the MTD was installed at STAR 
and worked nicely with smooth data taking. This will enable a first proof-of-principle for p - e measurement. In 
2013, 43% of MTD will be installed and we request three-week Au+Au run at 200 GeV for the p - e measurement. 
Figure [5] shows the precision projections for p - e invariant mass distribution and azimuthal angular correlation from 
charm correlation contribution from simulation in Au+Au collisions at yjs NN = 200 GeV for Run 2013. If the p - e 
correlation is not modified in Au+Au collisions, the precision projection is indicated by the circle shown in Fig.[5](left 
panel) for 280 million central events. Also shown for the comparison is the case that c and c is de-correlated illustrated 
by the black line. In addition, with full azimuthal coverage of the TPC, TOF, and Barrel Electro-magnetic Calorimeter 
(BEMC), we will be able to measure p-e azimuthal angular correlation. Figure[5](right panel) illustrates the precision 
projection for p-e azimuthal angular correlation from PYTHIA simulation when we sample 2 nb~ x Au+Au luminosity 
with a coincidence trigger of single muon hit and BEMC energy deposition above a certain threshold. The projection 
is done under the assumption that the correlation is the same as in PYTHIA. 
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Figure 3: (Color online) (upper-left panel) The di-electron v% as a function of M ee in minimum-bias Au+Au collisions at iJs NN = 200 GeV. 
(upper-right panel) The V2 of di-electron at M ee < 0.14 GeV/c 2 (solid symbols) as a function of pj in minimum-bias Au+Au collisions at 
tJs nn = 200 GeV. Also shown are the charged and neutral pion V2 and the expected V2 (solid curve) of di-electrons from n° Dalitz decay, (bottom 
panel) The Vi of di-electron at 0.14< M ee <0.30 GeV/c 2 as a function of pj in minimum-bias Au+Au collisions at ^]s NN = 200 GeV. Also shown 
is the expected V9 (solid curve) of di-electrons from r/ Dalitz decay. The bars and boxes represent statistical and part of systematic uncertainties, 
respectively. 
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Figure 4: (Color online) The di-electron vj as a function of pj in minimum-bias Au+Au collisions at yjs NN = 200 GeV for 0.5 < M ee < 0.7 
GeV/c 2 (left), 0.76 < M ee < 0.8 GeV/c 2 , and 0.98 < M ee < 1.06 GeV/c 2 (right). Also shown is the measured v 2 of meson through the K + K~ 
decay. The bars and boxes represent statistical and part of systematic uncertainties, respectively. 



4. Summary 

In summary, the di-electron mass spectra are measured in 200 GeV p + p and Au+Au collisions at STAR. The 
cocktail simulations are consistent with the data in 200 GeV p + p collisions. In Au+Au collisions, we observe a 
possible enhancement by comparison between data and cocktail simulation in the low mass region 0.15 < M ee < 
0.75 GeV/c 2 . The first elliptic flow measurements of di-electrons are presented in 200 GeV minimum-bias Au+Au 
collisions. The V2 of di-electrons at M ee < 0.14 GeV/c 2 and 0.14 < M ee < 0.30 GeV/c 2 are in agreement with the 
expectations from previous measurements. In the future, more precise differential measurements will be obtained for 
di-electron spectra and V2 at 200 GeV. The data taken at lower energies will allow to systematically study the energy 
dependence of low-mass enhancement. The precise charmed hadron measurements from future detector upgrade with 
the Heavy Flavor Tracker will help to constrain model inputs to calculate di-leptons from heavy flavor correlations. 
The p - e correlations with the Muon Telescope Detector upgrade will measure the contribution from heavy flavor 
correlations to the di-electron or di-muon continuum. This will make it possible to access the thermal radiation in the 
intermediate mass region. 
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